We have performed 59 Co-nuclear quadrupole resonance (NQR) and nuclear magnetic resonance (NMR) studies on YCoGe, which is a reference compound of ferromagnetic superconductor UCoGe, in order to investigate the magnetic properties at the Co site. Magnetic and superconducting transitions were not observed down to 0.3 K, but a conventional metallic behavior was found in YCoGe, although its crystal structure is similar to that of UCoGe. From the comparison between experimental results of two compounds, the ferromagnetism and superconductivity observed in UCoGe originate from the U-5 f electrons.
Introduction
The discovery of superconductivity in ferromagnet UGe 2 under pressure gave a great impact for researchers studying superconductivity, 1) because ferromagnetism and superconductivity have been thought to be mutually exclusive. In 2007, a similar superconductivity was discovered in ferromagnet UCoGe at ambient pressure by Huy et al. 2) Ferromagnetic (FM) and superconducting (SC) transition temperatures (T Curie and T SC ) of UCoGe were reported to be 3 and 0.8 K, respectively. 3) In addition, µSR and 59 Co-NQR measurements suggest that ferromagnetism and superconductivity microscopically coexist, and that the SC gap is formed in the FM region. 4, 5) In UCoGe, it has been believed that the U-5 f electrons are responsible for ferromagnetism and superconductivity from the analogy of UGe 2 . However, there is a possibility that ferromagnetism in UCoGe originates from Co-3d, not from U-5 f electrons, because it is well known that Co-3d electrons give rise to magnetism in some Co compounds, and there is a report indicating that the Co-3d electrons contribute to the magnetism in UCoGe in a high field (12 T). 6) To clarify the role of Co-3d electrons to ferromagnetism in UCoGe, we point out that YCoGe would be a good reference compound for UCoGe, because Y has no f electrons and YCoGe has the similar TiNiSi-type crystal structure and lattice constants 7) to UCoGe, 8) as shown in Fig. 1 . In addition, the band calculation suggests that the contribution of Co-3d electrons to the density of states is quite similar both in UCoGe and YCoGe. 9) Although the crystal structure of YCoGe studied by X-ray diffraction analysis was reported in the literature, 7) its physical properties have not been reported so far. In this paper, we report 59 Co-NMR and nuclear quadrupole resonance (NQR) results as well as electrical resistivity and specific-heat results in YCoGe measured down to 0.3 K. The results strongly suggest that the ferromagnetism and superconductivity observed in UCoGe originate from the U-5 f electrons.
Experimental Procedure
Polycrystalline and single-crystal samples of YCoGe were prepared by arc-melting and Czochralski-pulling methods with a tetra-arc furnace, respectively. From X-ray diffraction measurements, small peaks assigned to impurity phases were observed in a polycrystalline sample, but were not in a singlecrystal sample. This implies that the quality of the singlecrystal sample is higher than that of the polycrystalline sample. Tiny single crystals were crushed into fine powder and packed in a sample case made from a straw of 5 mm diameter. The powder was mixed with GE varnish, stirred, and fixed to a random orientation in order to avoid a preferential orientation under magnetic fields.
Experimental Results
Before showing NMR and NQR results, bulk properties on YCoGe are overviewed. As shown in Fig. 2 , the resistivity in the single-crystal sample exhibits a typical metallic behavior without magnetic and superconducting anomalies. The inset indicates that low-temperature resistivity is proportional to T below 100 K, which is characteristic of the Fermi-liquid state. The specific heat (C) was measured on the single-crystal sample down to 0.3 K. Below 10 K, the experimental data C was well fitted by C = γT +βT 3 , and the electronic (γ) and phonon (β) coefficients were evaluated as γ = 6.6 (mJ/mol·K 2 ) and β = 0.134 (mJ/mol·K 4 ), respectively. We performed 59 Co nuclear quadrupole resonance (NQR) on YCoGe, and searched NQR signals over a wide frequency range from 3 to 20 MHz. Three sharp peaks, displayed in Fig. 3 , were observed, whose frequencies are 6.23, 9.84, and 12.45 MHz at 4.2 K. The NQR Hamiltonian is provided as,
where ν Q is the frequency along the principal axis of the electric field gradient (EFG) and η is the asymmetry parameter, defined as η ≡ (V xx − V yy )/V zz . Here, V i j is the component of Table I . Wave functions of four energy levels of the Co nuclear spin in YCoGe. the EFG tensor. When 59 Co with nuclear spin I = 7/2 is in the presence of EFG, the degenerate eight nuclear-spin states |m (m = 7/2, · · · , −7/2) are split into four energy levels by electric quadrupole interaction, yielding three resonance frequencies, ν 1 , ν 2 and ν 3 , as shown in the inset of Fig. 3 . One may consider that the signals observed at 6.23 and 12.45 MHz arise from the ν 1 and ν 2 (ν 2 and ν 3 ) signals with η = 0, but this possibility is excluded since the ν 3 (ν 1 ) signal is not observed at 18.7 MHz (3.1 MHz). The observed three frequencies cannot be interpreted by the ν 1 , ν 2 and ν 3 transitions; alternatively, the observed NQR peaks are assigned as follows. ν 1 and ν 2 are almost overlapped and observed at 6.23 and 6.22 MHz, and ν 3 is observed at 9.84 MHz. The 12.45 MHz peak is assigned to ν 1 + ν 2 = 12.45 MHz, which is caused by hybrid states due to nonzero η. From the assignment, ν Q = 3.40 MHz and η = 0.59 are derived, and the wave functions of the four energy levels are expressed, as shown in Table I . In this case, the resonance peak corresponding to ν 2 + ν 3 = 16.06 MHz is expected, but the transition probability between Ψ ±7/2 and Ψ ±3/2 is one magnitude smaller than that between Ψ ±5/2 and Ψ ±1/2 ; thus, we could not observe signals around 16 MHz. A tiny signal was observed at around 8.7 MHz, which is thought to arise from impurity phases.
To confirm the validity of the NQR-parameter identification, we performed 59 Co-NMR measurements. The fieldswept 59 Co-NMR spectrum, shown in Fig. 4 , was obtained from the powdered single-crystal sample at 5 K. The red dotted line in Fig. 4 shows the result of the simulation, 10) in which the principal axis of EFG is randomly distributed against the external field, and ν Q = 3.40 MHz and η = 0.59, which are determined by the above mentioned NQR measurement, and the isotropic Knight shift K iso = 1.88% and the anisotropic Knight shift K aniso = −0.28% are used. The simulation result is in good agreement with the observed NMR spectrum, indicating that the NQR parameters can also be used to interpret the NMR spectrum. The Knight-shift values in YCoGe are comparable to those in UCoGe at higher temperatures. The NQR and Knight-shift values of YCoGe and UCoGe are summarized in Table II . The nuclear spin-lattice relaxation rate 1/T 1 of Co was measured with the NMR and NQR methods in order to investigate the anisotropy of magnetic fluctuations. In general, 1/T 1 is determined with the fluctuations of the hyperfine fields perpendicular to the quantum axis. 1/T 1 was measured at the ν 3 peak in the 59 Co-NQR spectrum, whose 1/T 1 detects magnetic fluctuations along the b-and c-axis directions, since the EFG principal axis is considered to be almost parallel to the a-axis from the analogy of UCoGe.
11) 1/T 1 was derived by fitting the recovery curves R(t) = 1 − m(t)/m(∞) with the following theoretical NQR recovery curve for ν 3 , 12) R(t) = 0.163 exp −2.74t
Here, m(t) is the nuclear magnetization measured at a time t after a saturation pulse. 1/T 1 was also measured at the NMR central peaks corresponding to θ = 90 and 42
• shown with arrows in Fig. 4 , where θ is the angle between the external field and the EFG principal axis. The 1/T 1 measured at the θ = 90
• peak detects the magnetic fluctuations including in the a-axis direction, since the EFG principal axis is almost a-axis. The 1/T 1 measured at the NMR peaks is derived by fitting with the theoretical recovery curve for the central transition.
13) The experimental R(t) and theoretical curves for the NQR and NMR measurements are shown in Fig. 5 , and 1/T 1 was derived from the reasonable results of fitting. The 1/T 1 results are shown in Fig. 6 . We found that 1/T 1 is isotropic and proportional to a temperature above 1. is described by
where γ e and γ n are gyromagnetic ratios with respect to electrons and nuclei, respectively. Using the experimental values of 1/T 1 T (= 2.03 s
, K s is estimated as K s = 0.31%, which is much smaller than the experimental value of the Knight shift (K iso ∼ 1.88%); thus, the orbital part of the Knight shift K orb ∼ 1.57% is derived, since the experimental value of the Knight shift is the sum of K s and K orb . The experimental value of K orb is a reasonable value of K orb reported in several Co compounds such as a Co metal (K orb = 1.7 %) 14) and nonmagnetic NaCoO 2 (K orb = 1.9 %).
15)

Discussion
Here, we compare our results in YCoGe with those in UCoGe. 5) First, YCoGe has a similar 59 Co-NQR spectrum to UCoGe, although ν 1 and ν 2 are overlapped, indicative of the low symmetry of the crystal structure. As shown in Table II, quadrupole parameters in YCoGe are slightly greater than those in UCoGe. The difference can be interpreted by the difference in the Co-Ge alignment along the a-axis. The CoGe alignment is almost straight along the a-axis in UCoGe, whereas it is zigzag in YCoGe (see Fig 1) . Therefore, the local symmetry of Co atoms in YCoGe is lower than that in UCoGe, providing larger quadrupole parameters. However, the asymmetric parameter η in YCoGe calculated by band calculation is smaller than that in UCoGe, which is inconsistent with the experimental observation (see Table II ). This contradiction seems to be caused by the electronic state of the Y site in the band calculation. The ferromagnetic transition temperature in UCoGe marked by T Curie was reported to be 2.5 K.
As for magnetic fluctuations, the 1/T 1 in UCoGe is much greater than that in YCoGe in the entire temperature range and displays a prominent large peak due to FM ordering at around T Curie ∼ 2.5 K, as seen in Fig. 6 . In addition, recent direction-dependent Co-NMR measurements in single-crystal UCoGe revealed that the Knight shift and 1/T 1 show a significant anisotropic behavior, indicating the presence of the Ising-type FM fluctuations along the magnetic easy axis (caxis) at low temperatures below 10 K.
11) It is also shown that such characteristic FM fluctuations are intimately related to the unconventional superconductivity in UCoGe.
11) Such magnetic fluctuations were not observed at all in YCoGe. However, it should be noted that the experimental values of K and 1/T 1 at 230 K in UCoGe are isotropic and comparable to those in YCoGe. 11) This implies that the high-temperature electronic state in UCoGe is similar to that in YCoGe, since the hybridization between conduction electrons and U -5 f local moments is weak at high temperatures and the electronic state in UCoGe is governed by the conduction electron; thus, YCoGe is a good reference compound for understanding the electronic state without U-5 f electrons. Therefore, we conclude that the strong Ising-type FM fluctuations accompanied by the weak FM ordering and unconventional superconductivity as well as the heavy-fermion character are ascribed to the U-5 f electrons. However, the field-induced magnetism observed in UCoGe, 6) which is related to a 5 f -3d hybridization, is an important issue in the understanding of the high magnetic state in UCoGe. High-field 59 Co-NMR measurements are expected to provide crucial information on this issue.
Conclusion
From 59 Co-NQR/NMR measurements, we determined NQR parameters in YCoGe, which are similar to those in UCoGe. The temperature dependence of 1/T 1 shows that YCoGe is in a conventional metallic state without notable magnetic fluctuations down to 1.5 K, which is consistent with resistivity and specific-heat measurements. From the comparison between the experimental results in YCoGe and those in UCoGe, we conclude that U-5 f electrons simultaneously carry ferromagnetism and unconventional superconductivity in UCoGe.
